Introduction
The bacterium Deinococcus radiodurans can typically survive acute exposures to ionizing radiation (IR) (≥12,000 Gy (gray; absorbed radiation dose)) (Daly et al. 2004) , ultraviolet (UV) light (254 nm, 1,000 J per m 2 ) (Gutman et al. 1994) , and desiccation (years) (Daly et al. 2004) , and can grow under harsh oxidizing conditions of chronic irradiation (50 Gy per hour) (Daly et al. 2004) . By comparison, Escherichia coli is killed by 200 Gy, 100 J per m 2 , or a few weeks of drying (Daly et al. 2004 , Gutman et al. 1994 , Howard-Flanders et al. 1966 . The first member of the Deinococcaceae to be isolated was D. radiodurans, originally from irradiated canned meat in the 1950s (Anderson et al. 1956 ).
This bacterium belongs to the Deinococcus-Thermus group (Gupta 1998 , Wolf et al. 2001 . So far, the deepest branching species that belongs to Deinococcaceae is Truepera radiovictrix, which is both thermophilic and extremely IR-resistant (Albuquerque et al. 2005) . To date, the natural distribution of the deinococci has still not been explored systematically. Members have been isolated worldwide but have diverse and patchy distributions (Daly 2009 ). Some species live in highly radioactive soils at nuclear waste sites (Fredrickson et al. 2004) , some have settled on sandstone, marble and ice in Antarctica (Hirsch et al. 2004) , and others are ubiquitous microbial inhabitants of the Sahara and other deserts (de Groot et al. 2005) .
The survival characteristics of D. radiodurans and the prospects of exporting its protective processes outside of the host cell for practical purposes (Daly 2009 , Makarova et al. 2001 ) has positioned this extremophile as a primary model to study stress response mechanisms, in particular for IR resistance. As a result, D. radiodurans (ATCC BAA-816) was one of the first whole-genomes to be sequenced . The annotated D. radiodurans genome became a platform for the earliest genome comparisons, together with attendant technologies (Lipton et al. 2002 , Liu et al. 2003 , Tanaka et al. 1996 . High-throughput genome-based approaches for D. radiodurans were developed, and included whole-transcriptome (Liu et al. 2003 ) and whole-proteome (Lipton et al. 2002 , Tanaka et al. 1996 systems which were used to investigate gene expression in cells recovering from high-dose irradiation (Liu et al. 2003) and from desiccation ).
Comparative genomics of Deinococcaceae
Rapid sequencing of complete genomes of organisms from the majority of known taxonomic groups has made possible the annotation of hundreds of organisms in the last decade (http://www.ncbi.nlm.nih.gov/sites/entrez?db=genome). As a scientific discipline, Comparative
Genomics has begun to delineate the principles of genome organization, function and evolution, which has permitted scientists to explore and manipulate an organism's fundamental biology (Galperin and Koonin 2001 , Koonin and Wolf 2008 , Rodionov 2007 . In this chapter, we describe the approaches and results of comparative genomic analysis of Deinococcaceae with an emphasis on stress response systems and their impact on contemporary models of extreme IR resistance.
The original report of the complete D. radiodurans genome was published in 1999, revealing a paradox. Although DNA in D. radiodurans is as susceptible to radiation damage as other bacteria (Blok and Loman 1973 , Daly et al. 2004 , Gerard et al. 2001 , Gladyshev and Meselson 2008 , Setlow and Duggan 1964 , its genome encodes just about the same number and types of DNA repair proteins as radiation sensitive bacteria (Makarova et al. 2001 . Further, a substantial number of putative stress-response genes identified in D. radiodurans previously had been found only in eukaryotes , and the hundreds of small DNA repeats dispersed throughout its genome seemed only to make more tenuous the prospect of understanding its repair pathways. Subsequent transcriptome and proteome analyses deepened the mystery (Lipton et al. 2002 , Liu et al. 2003 , Tanaka et al. 1996 . Expression of genes in D. radiodurans after exposure to high-dose 4 irradiation was largely stochastic (Liu et al. 2003 , and many of the novel genes implicated in IR resistance in D. radiodurans had little effect on survival when they were knocked out (Makarova et al. 2007 ). Then, a whole genome analysis of gene-gain and gene-loss between D.
geothermalis and D. radiodurans showed that the number of novel genes that were thought to be implicated in recovery from IR was substantially reduced (Makarova et al. 2007) . Similarly, comparisons between two Thermus species and D. radiodurans have provided many tantalizing clues in terms of genes that are shared by these organisms, to the exclusion of other organisms, and their possible functions, but so far have failed to establish an unequivocal molecular basis for thermophilicity or
radioresistance.
Yet, from these seemingly irreconcilable genomic findings, a new perspective on IR resistance is emerging under the backdrop of older experimental studies. For example, the development of exceptionally high IR resistance in naturally sensitive bacteria is well-established. In 1961, Erdman et al (Erdman et al. 1961 ) first reported the directed evolution of IR-resistant E. coli by the repeated passage of survivors through successive sublethal doses of 60 Co irradiation. This work was followed in 1973 by similar studies and results published by Davies and Sinsky for Salmonella typhimurium (Davies and Sinskey 1973) , and then in 1974 by Parisi and Antoine for Bacillus pumilus (Parisi and Antoine 1974) .
The stepwise approach to selecting bacterial radioresistance was validated once more in 2009 by Harris et al, followed by genome sequencing of the most IR-mutants, which revealed surprisingly few mutations (Harris et al. 2009 ). Collectively, these experimental results support that a relatively conventional set of DNA repair genes is sufficient for extreme IR resistance, but where subtle modifications to conventional DNA repair and metabolic pathways play an important role in promoting radiation resistance (Blasius et al. 2008 , Cox and Battista 2005 , Makarova et al. 2007 ).
General trends in evolution of Deinococcacae
Any comprehensive bioinformatics effort aimed at deciphering a complex, multi-gene phenotype using functional genomic approaches should aim to study as many closely related species as possible Koonin 2001, Rodionov 2007 Clusters of orthologous genes (COGs) are the most capable framework for comparative genomics (Tatusov et al. 2000) . COGs for the Deinococcus/Thermus group (tdCOGs) have already been constructed using sequence data from the complete genomes of D. radiodurans and D. geothermalis, and two Thermus species (HB8 and HB27), which were compared and used to reconstruct the major evolutionary trends of gene-loss, gene-gain and family expansion in the Deinococcus lineage (Makarova et al. 2007 . We have now assigned the proteins of D. deserti to tdCOGs, which has reinforced our view of the proliferation of Deinococcus genes involved in stress response pathways.
The first trend supported by the inclusion of D. deserti is the acquisition of a set of genes involved in transcriptional regulation and signal transduction. Examples of acquired transcriptional regulators include proteins of the AsnC, GntR, and IclR families, which are likely to be involved in amino acid degradation and metabolism (Gerischer 2002 , Molina-Henares et al. 2006 , Yokoyama et al. 2006 Many of these expansions are for predicted hydrolases, phosphatases in particular, with unknown substrate specificities, which are proposed to facilitate the degradation of nucleic acids, proteins and lipids, and/or stress-induced cytotoxins (Galperin et al. 2006) . To avoid autolysis, the proliferation of degradative functions for cellular macromolecules in Deinococcus certainly must be countered by special regulatory control mechanisms. Such degradative functions in Deinococcus were previously ascribed mainly to cell-cleaning and the removal of damaged macromolecules following irradiation or desiccation (Makarova et al. 2001 ). More recently, it has been proposed that the degradative functions might also contribute to a large depot of intracellular small molecules including nucleosides, peptides and inorganic phosphate, which together with divalent manganese ions are needed to protect proteins from oxidative damage (MJD, unpublished).
Deinococcus radiation response genes and regulation
Gene expression in D. radiodurans recovering from high-dose irradiation has been investigated using whole-genome microarrays, which identified hundreds of D. radiodurans genes that were 7 upregulated during recovery (Liu et al. 2003 . From this group of upregulated genes, we previously used a comparative genomic approach based on D. radiodurans and D. geothermalis to delineate a set of genes involved in extreme resistance. Genes which were unique to both organisms were ruled out, whereas shared genes were pooled as candidates for involvement in resistance. Within the group of shared genes, we searched for a potential radiation-desiccation response regulon and a corresponding regulator (Makarova et al. 2007) . First identified in D. radiodurans, the upstream regions of several upregulated genes contained a strong palindromic motif, designated the radiation/desiccation response motif (RDRM) (Makarova et al. 2007 ). Then, a genome survey using a RDRM positionspecific matrix picked up a similar motif in the upstream regions of several D. geothermalis genes ( (Table 2) . In all three Deinococcus species the predicted RDR regulon also includes the transketolase gene, an enzyme of the pentose-phosphate pathway, which is known to be induced by a variety of stress conditions and mutagens that trigger the SOS response in other bacteria (Touati et al. 1996 , Zhang et al. 2003 . This finding has reinforced the notion that a coordinated metabolic response and a high level of respiratory control is a critical determinant of D. radiodurans survival (Bruce and Berner 1976 , Ghosal et al. 2005 , Liu et al. 2003 .
Despite the parallels with SOS regulons in other bacteria, it is unlikely that LexA repressor is responsible for RDRM binding. Several experimental studies in D. radiodurans have demonstrated that its lexA genes are not induced by IR (Liu et al. 2003 ; its lexA genes are not involved in the induction of RecA (Narumi et al. 2001) ; and its lexA genes are not preceded by RDRM sites (Makarova et al. 2007) . Another candidate regulator is the IrrE/PprI protein (Earl et al. 2002 , Hua et al. 2003 , which was originally considered as a signal for initiating the recovery response in D.
radiodurans. However, IrrE/PprI was later shown to be constitutively expressed in D. radiodurans,
showing no post-irradiation induction (Gao et al. 2006 , Liu et al. 2003 , and it did not bind the promoter region of recA or other genes induced by IR (Gao et al. 2006) . Instead, there is some evidence that IrrE/PprI is a global regulator for the toxin-antitoxin systems of D. radiodurans, and could be responsible for cell stasis before the onset of DNA replication in acutely irradiated cells (Makarova et al. 2009 . DdrO is currently the most plausible candidate for the global regulator of the RDR regulon.
Impact of the comparative-genomic analysis of Deinococcus genomes on resistance hypotheses
For a given dose of IR, the number of DNA double strand breaks (DSBs) inflicted per unit length of DNA in diverse organisms is similar. Values approximating 0.005 DSB Gy -1 Mbp -1 have been reported for extremely IR-sensitive and extremely IR-resistant bacteria (Daly et al. 2004 , Gerard et al. 2001 ); for IR-resistant archaeal species (Gerard et al. 2001 , Kish et al. 2009 ); for yeast (Argueso et al. 2008) ; and for invertebrate animals (Gladyshev and Meselson 2008) . D. radiodurans contains 4-8 identical copies of its genome per cell (Minton 1996) . Yet, this level of genetic redundancy is not nearly sufficient to impart to D. radiodurans its DNA damage-resistance (Minton 1996 can survive high levels of genome fragmentation under non-oxidizing conditions (Heitman et al. 1989 ).
Early research demonstrated that DNA repair enzymes (e.g., RecA, UvrA and PolA), which are central to recovery of irradiated bacteria in general, were equally important to D. radiodurans survival. The possibility that D. radiodurans encoded distinctly different versions of these enzymes, however, was ruled out. Several IR-sensitive D. radiodurans DNA repair mutants were fully complemented by expression of orthologous DNA repair genes from IR-sensitive bacteria ( (Gutman et al. 1994 ) and covered/reviewed in (Makarova et al. 2007) ). Thus, the extreme resistance phenotype appeared to be dependent, at least in part, on a conventional set of DNA repair functions (Daly et al. 2004 ). This has left the tantalizing question how a seemingly conventional set of DNA repair proteins in D. radiodurans is able to escape oxidative damage and proceed to reconstitute a genome shattered into hundreds of DSB fragments by IR. The impact of genome comparisons on three prevailing hypotheses of extreme IR resistance in Deinococcaceae follows.
Hypothesis I: Chromosome Alignment and Nucleoid Morphology Facilitate Genome Reassembly. D.
radiodurans can recover from 180 IR-induced DSBs per haploid genome within 12 hours following an exposure to 12 kGy (Daly et al. 2004) . In an early model, the alignment of its multiple identical chromosomes was tacitly assumed as the launching point for DSB repair (Minton and Daly 1995) . This model made two major predictions: first, recA-dependent recombination between homologous DSB fragments originating from widely separated genomic locations should show strong positional effects upon irradiation; and second, transmission electron microscopy (TEM) of chromosomal DNA in D.
radiodurans should reveal evidence of structures linking chromosomes. Both predictions were tested and refuted: molecular studies showed high levels of recombination between homologous DSB fragments irrespective of their genomic origin (Daly et al. 1994 , Daly and Minton 1996 , Daly and Minton 1995 ; and no linking structures were observed by TEM-based optical mapping (Lin et al. 1999) .
Another model proposed that high levels of chromosomal condensation observed in D. radiodurans grown in rich medium facilitated repair by holding proximal DSB ends together; and that manganese promoted the condensation of its nucleoids into ringlike structures (Levin-Zaidman et al. 2003 (Makarova et al. 2001 , Makarova et al. 1999 ) and Gquadruplex sequences (Makarova et al. 2007 ); both types of sequence potentially could contribute to genome structure and reassembly (Lin et al. 1999) . However, shared SNRs and G-quadruplex sequences
were not identified in the genomes of D. geothermalis (Makarova et al. 2007) Misra et al. 2006 ). However, for most of the mutants derived from this subset of novel genes there was no drastic change in the level of IR resistance, indicating that few of the putative resistance proteins, at least individually, make a substantial contribution to the recovery of irradiated D. radiodurans. Thus, functional genomic evidence supporting Hypothesis II has grown progressively weaker (Makarova et al. 2007 ).
Hypothesis III: The level of Oxidative Protein Damage during Irradiation Determines Bacterial
Radioresistance. Hydroxyl radicals are the primary reactive oxygen species (ROS) generated by IR ( However, comparative genomic analysis has shown that the oxidative stress response systems of D.
radiodurans, including Mn transport genes, cannot be considered as a specific acquisition in the Deinococcus lineage; most of the systems are ubiquitous and present in all bacteria (Makarova et al. 2007 ). The formation of Mn complexes is highly dependent on the availability of inorganic phosphate and free amino acids or peptides. Thus, the strong trend in the Deinococcus genomes of genes encoding phosphatases, nucleases and proteases are predicted to support the formation of Mn complexes (Ghosal et al. 2005 , Makarova et al. 2001 , Makarova et al. 2007 ). Regarding iron acquisition, D. radiodurans lacks most of the Fe-chelating and Fe-transport systems identified in IR-sensitive bacteria (Ghosal et al. 2005 , Makarova et al. 2007 ; most iron in D. radiodurans is sequestered outside of the cytosol in the 13 septum between dividing cells (Daly 2009 , Daly et al. 2007 . It is also known that at least some of the desiccation related genes present in all three Deinococcus species (DRB0118/ DRA0258 orthologs) belong to a ferritin family ) which likely are involved in the storage of iron in a non-reactive state, which would attenuate intracellular Fenton chemistry (Fig. 1) . Thus, functional genomic evidence is mounting in favor of hypothesis III.
Conclusion
The prospect of comparative genomics helping researchers resolve the seemingly paradoxical mechanism of extreme IR resistance in Deinococcaceae is good. Liu et al. 2003) , macromolecular degradation (Makarova et al. 2001, Sweet and Moseley 1976) , and other oxidative stress response pathways (Makarova et al. 2001) . In Deinococcus bacteria, these systems manifest themselves as protein protection, which preserves the activity of enzymes during irradiation (Daly 2009 , Daly et al. 2007 or desiccation (Fredrickson et al. 2008) . In contrast, irradiated or desiccated bacteria lacking these functions appear to be easily overwhelmed by protein oxidation (Daly 2009 , Daly et al. 2007 , Fredrickson et al. 2008 , which renders even minor DNA damage unrepairable (Daly 2009 , Makarova et al. 2007 ). The present comparative analysis serves as a background for our holistic view of IR resistance: i) a reconstruction of the general evolutionary events which led to these three bacteria demonstrates the proliferation of redundant stress response systems and cell-cleaning protein families, and corresponding regulators; ii) the radiation and desiccation response regulon (RDR) is conserved and likely reflects the gene set which is important in the early stages of recovery; iii) the conserved set of radiation resistance determinants has been further refined, and contains many genes present in other organisms; iv) a small set of uncharacterized proteins specific to Deinococcus species has been delineated, but it cannot be ruled out that that these genes are involved in novel repair pathways or perhaps complement already known repair mechanisms; and v) numerous species-specific characteristics have been identified that illustrate the broad genetic context in which extreme resistance evolved. Collectively, these features represent new targets for investigation using classical and modern genetic approaches.
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The work of M.J.D. is supported by the Air Force Office of Scientific Research. imply that HO will display greater toxicity. For ROS, high reactivity without specificity is distributed uniformly across cell targets; low reactivity with high specificity is focused on particular cellular targets (Omar et al. 1992) . A secondary source of HO in cells during irradiation is the Fenton reaction, which is one of the most powerful oxidizing reactions known and involves the catalytic decomposition of ) and C in Liu et al (Liu et al. 2003) . D In D. geothermalis, MutS and MutL are in the same operon, therefore RDRM information is shown only for Dgeo_1537 (the first gene in the operon). * RDRM sites included in the final profile were used to scan the genomes of D. radiodurans and D. geothermalis. 
